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INTRODUCTION
Electroencephalography (EEG) in combination with exposure to mobile phone or equivalent sources has been used to model neurological effects of mobile phone exposure (1) . However, there are some questions regarding the effect of EEG conductive leads on the RF-field exposure. When conductive EEG leads are exposed to an RF field (e.g., RF coil in MRI, mobile phones), induced currents may be generated along the leads; such currents, when conducted into the head through the interface between EEG electrode and epidermis, may be associated with changes in the RF power distribution in the anatomical structures underneath the electrode, including epidermis, fat, skull and brain (2) (3) (4) . For relatively high-power RF-field sources, such as MRI RF coils (i.e., power of the order of tens of watts), changes in the RF-field power inside the head may raise thermally related safety issues (5-9), whereas for lower-power RF-field sources, such as mobile phones (i.e., power of the order of hundreds of mW), the induced currents from the EEG leads into the head may affect dosimetry (10) and the proper setup for the EEG measurements (1) .
Numerical studies based on the Finite-Difference Time-Domain (FDTD) method (11) have been widely used to study RF-field dosimetry (12) (13) (14) (15) (16) in terms of the specific absorption rate (SAR) (17) . The FDTD method has been shown to provide results with a 20% accuracy compared to experimental setups (8) , and it has been selected as one of the primary methods for SAR evaluation by the IEEE International Committee on Electromagnetic Safety (18) .
SAR distribution in the human head is strongly affected by the inhomogeneous dielectric properties of the human head tissues (15, 16, 19, 20) ; the use of numerical head models with increasing spatial resolution and anatomical detail (10, 15, 21, 22) allowed improved precision in estimation of local SAR with respect to thin anatomical structures of the human head, including those close to the EEG electrodes such as epidermis, subcutaneous tissue and bone marrow. Simulation and experimental studies performed with medical implants or EEG leads exposed to an RF field (10, 21, 23, 24) showed local SAR peaks near the metallic implants or EEG electrodes, with values depending on the lead orientation (10), shielding effect of EEG leads (21, 25) , radiofrequency (21, 25) , number of EEG electrodes/ leads (10, 21) , and resistivity of EEG leads (2, 3, 17, 26) . In the present study, we performed a systematic numerical analysis of the effects of these variables on the electromagnetic field and SAR in a 1-mm 3 resolution human head model with EEG electrodes/leads and exposed to RF fields from a number of sources, including a mobile phone.
METHODS

Numerical Head Model
Anatomical MRI data were acquired on a healthy 37-year-old right-handed adult male volunteer. Informed consent was obtained in accordance with Massachusetts General Hospital policies. Data were acquired with a quadrature birdcage transmit/receive head coil on a 1.5 T scanner (General Electric, Milwaukee, WI). Data were collected with a T1-weighted 3D-SPGR sequence (TR/TE 5 24/8 ms) with 124 slices, 1.3 mm thick (matrix size 256 3 192, FOV 256 mm). The volume data were resampled to isotropic voxels with dimensions of 1 3 1 3 1 mm 3 . Segmentation was then applied on this dataset volume. Twenty-six non-brain anatomical structures were segmented by means of morphometric analysis.
2 Three brain structures (cerebrospinal fluid, gray and white matter) were also segmented with an automatic segmentation algorithm (27, 28) and coregistered with the non-brain structures. The final head model ( Fig. 1) consisted of a total of 29 anatomical structures (Table 1) . Each anatomical structure was assigned biophysical properties (Table 1) at 915 and 1748 MHz, frequencies within the commonly used transmit bands for mobile phones (19, (29) (30) (31) . The electrical parameters were considered: (a) linear with electric field, (b) isotropic, (c) dispersive and (d) heterogeneous in space (32) .
Numerical Model of RF-Field Sources
Three RF-field sources were modeled: a half-wave dipole, a patch antenna and a mobile phone.
Half-wave dipole. A dipole was modeled with a perfectly electric conductive (PEC) 164-mm-long wire, placed 15 mm between the feedpoint and head surface (Fig. 1) . The dipole was center-fed, and simulations were performed at 915 MHz.
Patch antenna. A patch antenna was modeled as in ref.
(10) using a rectangular block (192 3 136 mm 2 , 10 mm thick) 61 mm from the head. The patch was composed of a dielectric material (s 5 0.0001 S/ m, e r 5 1.5), placed between a ground plate (192 3 136 mm 2 ) of perfectly conductive material on one side and a metallic resonant plate (140 3 90 mm 2 ) on the other side, facing the head (Fig. 1) . The two copper plates were connected with a thin metallic wire, where a 915 MHz sinusoidal source was placed.
Mobile phone. A CAD model of a commercially available mobile phone was used. The distance between head and feedpoint of the phone was 15 mm, as for the dipole. The minimum distance between the phone and the head was 3 mm. Simulations with the phone were performed at 915 MHz and 1748 MHz.
Numerical Model of EEG Electrodes and Leads
EEG electrodes. Thirty-two EEG electrodes were designed with Circuit Maker (Altium Inc., San Diego, CA) on a 2D mask and imported into Matlab (Mathworks, Natick, MA) (26) . The mask was coregistered with the axial slice of the largest diameter on the head model. EEG electrodes present in the mask were projected and placed on top of the surface of the head model (''epidermis'' of the model). EEG electrodes were modeled as discs (radius 5 7 mm, height 5 3 mm). The model was then imported into the XFDTD software (Remcom Co., State College, PA) to complete the model by including the EEG leads. Two different types of EEG caps were modeled ( Fig. 1) : Set 1 and Set 2. Set 1. EEG leads modeled as PEC wires were connected separately to each electrode and were oriented around the head (Set 1 in Fig. 1 ) (10, 21, 25) . Leads were modeled using three to nine segments, depending on the position with respect to the head, with distance from the head between 1 mm and 11 mm. Two different subsets were simulated to model two typical configurations of connections between EEG electrodes and amplifier through conductive leads: 19 leads, following the standard 10-20 montage (33) , and an extended 32-lead configuration (35) (36) (37) . For this set, the case of leads with increased resistivity (r 5 0.01 V m) was also evaluated for comparison (26, 35) . Set 2. Thirty-two leads connecting to each electrode and following the head curvature, never touching the head surface, were bundled at the Cz position (33, 35, 37) , exiting vertically from the head for 53 mm (Set 2 in Fig. 1 ).
FIG. 1.
Three-dimensional view of MRI-based human head model wearing EEG electrodes/leads used for the study. The models of the three RF-field sources used (dipole, patch antenna and mobile phone) are shown. Thirty-two EEG electrodes with two realistic configurations of EEG leads (Set 1 and Set 2) were evaluated.
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FDTD Simulations
FDTD simulations were performed using commercially available software (XFDTD, Remcom Inc., State College, PA). The models were imported into the XFDTD software, and a uniform padding of 40 free-space cells with seven layers of perfectly matching (PML) boundary was used to model open space beyond the simulation domain. A harmonic source (1 V peak-to-peak, 50 V feedpoint resistance) was used to model the RF-field excitation in all cases. Calculations were run until steady-state conditions were reached with 240 dB of convergence criterium as evaluated with the XFDTD software, corresponding to approximately 12 cycles of sinusoidal signal. Simulations were performed on a Dual Core 1.83 GHz computer with 4 GB of RAM. Electric-field amplitude, induced currents, 1-g average (SAR 1g ), 10-g average (SAR 10g ), and whole-head average SAR (SAR w ) were computed with the XFDTD software (38) . The results were normalized to 0.25 W of net input power at 915 MHz and 0.125 W at 1748 MHz.
The SARs calculated with EEG electrodes/leads were compared voxel by voxel (i.e., 1-mm 3 spatial resolution) to the corresponding values calculated without EEG electrodes as follows (26) are the SARs in the ith voxel with or without EEG electrodes/leads, respectively. This ratio is equivalent to the ratio of the RF-field power absorbed in the ith voxel with or without EEG electrodes/leads, respectively.
RESULTS
The RF field induced visible currents along the EEG leads for both sets with all RF-field sources modeled ( Fig. 2 ) with related SAR increases underneath the EEG electrodes (Fig. 3 ). Table 2 reports the volumetric analysis as described in Eq. (1) for different anatomical structures present underneath the EEG electrodes, namely epidermis, subcutaneous fat, skull (i.e., outer and inner table of skull), bone marrow and brain (i.e., gray and white matter). Figure 4 shows cross sectional views of the P i patterns for Set 1 and Set 2. The largest increase of 1279- (Table 2 and Fig. 4 ), there was a peak increase of 859-fold in the epidermis and 48-fold in the brain with Set 1 and 14% of brain volume wih P i . 2. Smaller changes were observed with the mobile phone at 1748 MHz, with a 52-fold maximum increase in the epidermis, 14-fold in the brain, and 4% of brain volume with P i . 2. The enhancements for Set 2 were all smaller than those for Set 1. For example, for exposure to the mobile phone at 915 MHz, there was a peak increase of 460-fold in the epidermis but smaller changes in the internal structures, with a 6.6-fold peak increase and 0.8% P i . 2 in the brain structures.
Volumetric Analysis of Changes in SAR
Antenna Performance and Peak SAR Evaluation
For both head models with EEG leads and with all RF-field sources at 915 MHz there were no significant changes in antenna performance (i.e., efficiency, impedance at source) and whole-head average SAR (Table 3) .
Dipole
There was a 13% increase in peak 1-g average SAR and a 14% increase in peak 10-g average SAR with electrode Set 1 compared to the case of no electrodes/leads. No changes (,1%) in peak 1-g average and 10-g average were Table 3 ). The peak SAR was on the epidermis under the EEG lead near the dipole (see Fig. 3 ) for Set 1, whereas it was in the epidermis at the Cz position, where the leads were bundled, for Set 2.
Patch
There was a 2.43 increase in peak 1-g average and 20% in peak 10-g average SAR with Set 1 compared to the case of no electrodes/leads. No changes (,1%) in peak 1-g average and 10-g average were observed with Set 2 (Table 3) .
Mobile Phone
There was a 5% increase in the peak 1-g average and 20% in the peak 10-g average SAR with Set 1 compared to the case with no electrodes/leads. No changes were observed with Set 2 (Table 3 ). Similar to the dipole and patch antenna cases, the peak was in the epidermis under the EEG electrode closest to the source for Set 1, whereas it was at the Cz position for Set 2 (see Fig. 3) . Overall, the effects of EEG leads were reduced at 1748 MHz (Table 3 ) compared to 915 MHz. There was a 10% increase in peak 1-g average and 10-g average SAR with Set 1 and 4% with Set 2 compared to the case of no electrodes/leads. The peak SARs were similar for 19 and 32 electrodes/leads ( Table 4) . As for the 32 electrodes, the peaks SARs for 19 electrodes were under the EEG electrode/leads closest to the source. Table 5 shows changes within 10% for peak 1-g average and 10-g average SAR with high resistive leads compared to the no-lead case. The effect of increased resistivity was more evident for Set 1, with a peak 10-g average SAR of 0.49 W/kg compared to 0.54 W/kg with conductive leads (Table 3 ) and 0.44 W/kg without leads.
DISCUSSION
When conductive leads are exposed to a radiofrequency field, induced currents are generated along the leads (2). The effects of such induced currents can be seen in two perspectives: (a) potential safety issues related to local increase of electric-field deposition at the interface between the EEG electrode and the human head, historically measured in terms of specific absorption rate (17) and (b) effects on electromagnetic-field distribution related to the EM scattering of the leads; i.e., the EEG leads cannot be considered proper ''RF-transparent'' measurement probes. In this perspective, changes in the EMF due to the EEG leads can be considered as ''noise'' with respect to the measurements of EEG for RF-field exposure of a specific antenna. Schmid et al. (10) presented a new exposure system for studies requiring EEG recording on human subjects exposed to GSM900-and UMTS-equivalent sources. Although the study showed minimal interference when EEG leads were placed orthogonally to the source, the study raised potential issues for different lead orientations or numbers of EEG electrodes/leads. Since the amount of current induced depends on the frequency and the specific geometry of the leads with respect to the source, estimation of such currents can be cumbersome for complex geometries, such as conductive leads placed on the head of human subjects during electroencephalography recordings. In such cases, an anatomically precise computational model can be useful to evaluate the interactions between the leads and the RF-field source. Several MRI-based human head models are now available (15) . The model used in this study is character -FIG. 4 . Changes in RF-field power with and without leads (P i ) for 915 MHz mobile phone exposure with the two sets of EEG electrodes/ leads modeled. Coronal (from the back to the front of the head), axial (from the top of the head to the neck), and sagittal (from right to the left of the head) are shown. The phone was placed on the left of the head. Significant increases in P i were observed for Set 1 near the EEG leads and in all the anatomical structures underneath the EEG electrode near the source (coronal and axial view) and on the back of the head near the leads (sagittal view). Changes for Set 2 were localized mainly underneath the electrode in Cz position, where the leads were bundled.
ized by a 1-mm 3 isotropic spatial resolution and 29 anatomical structures, which allowed the modeling with geometrical accuracy the thin structures of interests for the problem of EEG leads, such as epidermis, where EEG electrodes are connected to the head, and bone marrow, where potential local increases in SAR are possible (21) .
Previous studies used peak 1-g average and 10-g average SAR to evaluate changes in SAR with EEG leads exposed an RF field generated by mobile phones (10, 25) . The regulatory limit for localized exposure to an RF field generated by mobile phones set by the Federal Communications Commission (FCC) is 1.6 W/ kg for peak 1-g average SAR (39, 40) . The limit set by the International Commission on Non-Ionizing Radiation Protection (ICNIRP) (41) and the American National Standard Institute (ANSI) and IEEE (42) is 2 W/kg for peak 10-g average SAR. It has been shown that the temperature rise in tissue correlates well with an average tissue mass of 10 g (43, 44) . This study showed that the peak 1-g average and peak 10-g average SARs with mobile phones were below the corresponding exposure limits. Thus, given the relatively low input power of mobile phones as opposed, for example, to the RF coil used in MRI (21), the conductive EEG leads are not expected to generate excessive temperature rises during exposure to the RF field of mobile phones.
The whole-head average SAR and 10-g average SAR did not vary significantly (i.e., less than 10%) in the different cases considered. The peak 1-g average SAR varied less than 10% with dipole and mobile phone, while a twofold change compared to the case of no leads was observed with Set 1 and the patch antenna. The results of the study confirmed the peculiar local behavior of RF power in the presence of conductive leads (45) , with changes occurring in volumes of a few mm 3 rather than over the whole head. While relatively coarse parameters such as whole-head average SAR, 10-g average SAR or even 1-g average SAR did not show significant changes in the RF-field power with and without leads, a more comprehensive volumetric assessment of changes in RF Notes. Values for Set 1 and Set 2 for anatomical structures underneath EEG electrodes are shown. The volume with P i higher than 2 (i.e. over 100% increase in RF power compared to no leads) is provided as the absolute value as well as a percentage of the overall volume of the anatomical structure.
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The resolution of the numerical model used in this study is one of the highest among the anthropomorphic numerical models for RF-field dosimetry (15); this allowed a 1-mm 3 -resolution volumetric assessment of RF-field power. Numerical errors related to staircasing of small structures may still be present (8, 46) , and a proper validation of these results with geometrically matched experimental measurements may be needed. The SARs found in this study were in line with previous published work. The simulations with the dipole and mobile phone were in line with canonical results. 3 The peak 10-g average SAR with the patch antenna and the head model without leads was 1. Our simulations showed that the presence of conductive EEG leads combined with specific configurations of an RF-field source created a reduction of the RF field (i.e., ''shielding effect'') in anatomical structures near the EEG electrodes, similar to that reported in refs. (21) and (25) . In particular, the value of P i was less than one in the epidermis or bone marrow with the dipole at 915 MHz. The shielding effect was greater with the patch antenna. The results of this study also confirm that the leads with higher resistivity (r 5 0.01 V m), used in previous studies to minimize interactions with other RF-field sources (35) , helped reduce the currents induced in the leads and the related local SAR on the epidermis and surrounding structures.
CONCLUSIONS
A 1-mm 3 anatomically precise human head model with two realistic sets of EEG electrodes and leads was used to evaluate potential changes in SAR during exposure to several RF-field sources, including a mobile phone. Significant changes induced by the conductive EEG leads at the electrode sites with respect to the control case of a human head without EEG leads. Observed SAR peaks were below exposure limits, suggesting that no potential thermal issues may be present when using EEG leads with a mobile phone or equivalent source. However, local enhancement of the electromagnetic field and SAR over those without leads was present over the entire head, including gray and white matter structures. Changes in the SAR were different for two realistic configurations of EEG caps and were present for both the standard 10-20 montage and the extended 32-EEG electrodes. High-resistive leads reduced the currents induced in the leads and local SAR in the head.
The results of this study indicate that the effect of RFfield exposure on EEG is not a simple issue to resolve. Since EEG recording measures very small electrical variations in the brain, it is important to realize that an induced current is carried by the conductive leads into the head. Whether any observed effect is directly related to the RF fields or is caused indirectly by the current induced by the RF field due to the presence of conductive EEG leads must be determined to understand the biological effects of RF-field exposure. 
